Introduction
A regenerative Diesel engine using an in-cylinder reciprocating, porous regenerator as shown in Fig. 1 has the potential to improve fuel-air mixing and combustion ͓1-3͔. The porous insert is attached to a rod and moves in the cylinder, synchronized, but out of phase with the piston. During the regenerative heating stroke, the regenerator remains just beneath the cylinder head for most of the period and moves down to the piston ͑as it approaches the TDC position͒. During the regenerative cooling stroke, the regenerator moves up and remains in the original position until the next regenerative heating stroke. Following the combustion and expansion, the products of combustion ͑exhaust gases͒ retain an appreciable sensible heat. During the regenerative cooling stroke, the hot exhaust gas flows through the insert and stores part of this sensible heat by surface-convection heat transfer in the porous insert ͑with large surface area͒. While the external thermal regeneration, examined extensively, would reduce the volumetric efficiency ͑due to external heating of the intake air, before arrival in the cylinder͒, the internal thermal regeneration with the incylinder porous insert does not affect the volumetric efficiency significantly. This is because the intaked air arrives in the cylinder and is then heated by passing through the hot insert, after the intake valve is closed. The superadiabatic flame temperature ͑due to the thermal regeneration of the combustion heat͒ ͓4͔ and the fuel droplet-regenerator interaction, enhances the fuel evaporation. A uniform fuel vapor distribution is possible due to the deflection of fuel droplets by the air flow emanating from the porous regenerator and this can improve combustion. Here the fuel droplet-regenerator interaction is examined, i.e., aiming at an improved regenerative engine performance.
Analysis
The geometric parameters and variables of the regenerative Diesel engine with a side valve position are shown Fig. 2 . The two gas zones of the top and bottom chambers are connected by the permeable regenerator. The regenerator is divided into N r small volumes and each volume consists of the gas and solid phases. Considering the complexities and the transient behavior before a quasi-steady solution is reached, for the sake of computation economy, a lumped, multi gas zone model and a simplified chemical kinetic model are used. The multi-zone-first-order analysis of the regenerative engine performance is given below, followed by the analysis of the injected fuel droplet.
Heat Transfer.
A multi-zone gas model and a onedimensional model for the solid phases are used for the analysis of the regenerative Diesel engine. The mechanisms of the heat transfer considered include the surface-convection, conduction and surface/volume radiation. The prescribed temperature of the cooling water is used for the analysis of the conduction heat transfer through the cylinder walls. One-dimensional energy conservation equations with both uniform and nonuniform grids are used for solid phases of the regenerator, the piston, the cylinder head, and cylinder block. Since the fuel is injected into the top gas zone and the fuel vapor does not escape to the bottom gas zone under the conditions considered, it is assumed that the combustion occurs only in top gas zone. The heat release rate in the top gas zone is determined using a single-step, second-order combustion model and the empirical relation of the ignition delay. The species concentrations are calculated to determine the heat release rate and the NO x production rate.
The gas is assumed to be an ideal gas
For the top gas zone above the regenerator, the energy conservation equation is given as
where Q u,inj is the heat transfer due to the fuel injection and (Q u,r ) N r is the heat transfer due to the gas influx through the 
A more detailed description for each term of the energy conservation Eg. ͑2͒ is given in the Appendix. Similarly, for the bottom gas zone the energy conservation equation is given as
where Q u,int , Q u,exh and (Q u,r ) 0 are the convection heat transfer due to the intake, the exhaust, and the gas influx through the regenerator. Considering a combustion efficiency of 98 percent in top gas zone, under the conditions given in Table 1 , it is assumed that the fuel is consumed completely in the top gas zone, and, therefore, no combustion occurs in the bottom gas zone. The energy conversion in the bottom gas zone Ṡ b is due to gas expansion cooling/compression heating only, i.e.,
A more detailed description, for each term of the energy conservation Eq. ͑4͒, is given in the Appendix. The porous regenerator is divided into N r small volumes with uniform thickness ⌬l r,i and local thermal nonequilibrium is assumed between the gas and the solid phases. The energy equation for each volume of the solid phase is given by
where Q d,i are the heat transfer due to the conduction in the solid phase, the surface-convection and the evaporation of the fuel droplet, respectively. Note that it is assumed that the heat transfer due to the evaporation of the fuel droplet occurs in the solid phase of the regenerator. More detailed description, for each term of the energy conservation Eq. ͑6͒, is given in the Appendix. The energy equation for the gas phase in the porous regenerator is given as
where Ṡ r,i ϭ͑Ṡ m, p ͒ r,i ϭV f ,r,i dp f ,r,i dt , and the convection heat transfer (Q u,r ) i and the surfaceconvection heat transfer ͗Q ku, f Ϫr ͘ i are given in Appendix in detail. The energy conservation equations at the top and bottom surfaces of the regenerator are also given in the Appendix. The cylinder wall of the regenerative Diesel engine consists of the ceramic cylinder head and the cast iron cylinder block. The cylinder head and the cylinder block are assumed to be ideally insulated from each other. The cylinder head made of ceramic is used as a thermal barrier to reduce the heat loss. The cylinder head is divided into N ch Ϫ1 small volumes with a uniform thickness ⌬l ch,i ϭl ch,1 /(N ch Ϫ1) and a large volume with thickness ⌬l ch,N ch ϭl ch,2 ϭl ch Ϫl ch,1 . Then the energy equation for the solid phase is written as
where (Q͉ A,ch ) i is heat transfer due to the conduction and is given in Appendix in detail. The energy conservation equations at the surface inside the cylinder head are also given in the Appendix.
The energy conservation equations for the cylinder block and the piston are given similarly.
The intake mass flow rate using the valve curtain area A v,i , is given as
where
Similarly, the exhaust mass flow rate Ṁ f ,exh is determined. Here
is obtained from a one-dimensional isentropic flow analysis for the compressible flow through a flow restriction ͓5͔.
The mass flow through the porous regenerator is determined by the Darcy law ͓6͔ and is given by
and f ,r,0 ϭ f ,b , and f ,r,N r ϩ1 ϭ f ,t .
The combustion reaction Ṁ r,F in the top gas zone, using the single-step reaction model ͓7͔, is given by
where a r is the pre-exponential factor and ⌬E a is the activation energy ͑kJ/kmole-K͒. The ignition delay is determined using the empirical correlation of the Diesel engine and ranges 2ϳ3 crank angles under the conditions considered ͓5͔.
Droplet Evaporation.
The transient fuel evaporation and the fuel droplet fate are determined using a Lagrangian, droplet tracking model along with a porous-surface filtration submodel for the droplet-regenerator interaction. These allow for the analysis of the fuel droplet evaporation, accumulation and combustion. After the fuel is injected, the fuel spray is assumed to be divided into N d homogeneous droplet parcels. It is assumed that each parcel has n d droplet particles with the same properties ͑e.g., droplet diameter, speed and temperature͒ and does not interfere with other droplet parcels. The Sauter mean diameter D SM is used as the initial droplet diameter ͓8͔.
The instantaneous location of a droplet is given by
The instantaneous velocity is determined by the momentum equation of a droplet as
and neglecting the thermophoresis force F ⌬T and other forces, the momentum equation is given by
where 
In order to account for the deflection of the fuel droplets by the air flow emanating from the regenerator, the gas flow in the top gas zone is assumed to be the plug flow and the gas velocity is given as
From the uniform temperature model for the fuel droplet heat and mass transfer ͑only the composition of the bulk liquid remains at the injected condition while the surface composition varies as required by the local conditions. The temperature of the surface and the bulk liquid are the same and are known at each instant͒, the mass conservation for a droplet is given by ͓9͔
The corrected evaporation rate Ṁ d for the convective ambient is expressed
where the evaporation rate Ṁ d (Re D ϭ0) in the quiescent ambient is given in the Appendix and
The droplet energy conservation equation based on the uniform temperature model is
where Nu D,1 is due to single-phase ͑droplets in the gas͒ and Nu D,2 is due to phase change ͑film boiling͒ and surface convection ͑when the droplets are impinging on the regenerator͒ and the fuel droplet temperature T d and T r,i is the temperature of the porous regenerator in contact with the droplets. The Nusselt number Nu D,2 is given in the Appendix in detail. The corrected Nusselt number Nu D,1 in the convective ambient is expressed
where f (Re D ,Pr) is the same as that given in Eq. ͑18͒, except Sc is replaced with Pr. The Nusselt number Nu D,1 (Re D ϭ0) in the quiescent ambient. For droplets colliding with the regenerator, the filtration efficiency is expressed as ͓10͔
where d s is the particle diameter of porous regenerator and u d is a droplet velocity. Finally, the mass conservation equations for the gas phase, in the top and bottom gas zones, are given by
The mass conservation equation for the gas phase, inside the regenerator, is given by
2.3 Regenerator Motion. The motion sequences of the piston and the bottom surface of the regenerator are given by
where the constants a, b, c, d, e, and f are determined to satisfy the smooth transition of the velocity and the acceleration of the regenerator. Also, the minimum gaps, between the top surface of the regenerator and the cylinder head and between the bottom surface of the regenerator and the piston are needed due to the required tolerance.
The net indicated work per cycle W c,in is given by
The mechanical loss, due to the pressure drop ⌬pϭp f ,t Ϫp f ,b across the porous regenerator, is expressed by
The relevant indicators of the engine performance are the thermal efficiency T , the volumetric efficiency V , the net indicated mean-effective pressure p mep,in , the indicated specific fuel consumption sfc, and the fuel conversion efficiency F . The thermal efficiency T is defined as
The volumetric efficiency V is
where M a ( v,e,i ) is the amount of mass of air in the cylinder when the intake valve closes and M a,o is the amount of air in the cylinder when charged under the inlet conditions of the intake valve.
The net indicated mean-effective pressure p mep,in , the specific fuel consumption sfc and the fuel conversion efficiency F are given by
The energy and species conservation equations are solved with an IMSL solver ͑DIVPAG͒ capable of solving the stiff ordinary differential equations. The quasi-steady state ͑time periodic͒ solution is found when the overall energy balance error is less than 2ϳ3 percent. The parameters used for the numerical simulation are listed in Table 2 and the operational characteristics are listed in Table 1 .
Results and Discussion
The results on engine performance, enhanced droplet evaporation, and superadiabatic combustion, and optimization of thermal regeneration are given below.
Thermal and Mechanical
Performance. The (pϪV) f diagram obtained from the analysis of the conventional and regenerative Diesel engines is shown in Fig. 3 . The thermodynamic limit results, shown in Fig. 3 , assume a constant volume process during thermal regeneration and a maximum regenerator temperature below T r,max ϭ1600 K. The work gained due to thermal regeneration is denoted as A 1 ϪA 2 . Compared to the thermodynamic limit, the work loss due to insufficient thermal regeneration and the pressure drop through the regenerator ͑denoted as B͒, and the prolonged combustion of the Diesel engine ͑denoted as C͒, are detrimental to the thermal efficiency. The optimum performance should reduce the pressure drop and improve the combustion characteristics. Note that the compression ratio of the regenerative Diesel engine is lower than that of the conventional engine. This is due to the regenerator volume (l r ϭ8 mm), the gap ͑0.5 mm͒ between the regenerator top surface and the cylinder head, and the gap ͑1 mm͒ between the regenerator bottom surface and the piston. Figure 4 shows the mass flow rate during the intake, Ṁ f ,int , the mass flow rate during the exhaust stroke, Ṁ f ,exh , the mass flow rate into the top gas zone from the regenerator, (Ṁ f ,r ) N i , and the fuel evaporation rate, Ṁ F,evp . Note that the intake flow of Ṁ f ,int has a back flow due to the reversal of the pressure difference between the valve inlet and the bottom gas zone, and that there is a reciprocating flow of (Ṁ f ,r ) N i through the porous regenerator. The reciprocating flow is attributed to the pressure differences caused by the regenerator/piston motion, the heat transfer, and the combustion. This allows for the thermal regeneration of the flue gas heat resulting in a superadiabatic combustion. Figure 5 shows the variations of the mass, volume, and temperatures of the top and bottom gas zones, and the top gas zone pressure during the cycle. Since thermal regenerative heating occurs after the intake valve is closed, the volumetric efficiency of the regenerative engine is not deteriorated by the thermal regeneration. The high volumetric efficiency of 92 percent is due to the surface temperature in the bottom gas zone ͑exposed to the intake air͒, which remains close to that of the conventional Diesel engine.
The temperature variations of the solid and gas phases during a cycle are shown in Fig. 6 . Fuel evaporation and combustion occur during thermal regeneration resulting in a high peak gas temperature in the top gas zone and a relatively low peak gas temperature in the bottom gas zone. Note also that the ceramic cylinder head is insulated from the cylinder block ͑made of cast iron͒. The surface Table 2 Characteristic dimensions and properties of the regenerative Diesel engine temperature of the cylinder head T ch,o is higher than that of the conventional Diesel engine, but the surface temperatures of the cylinder block T cb,o and the surface temperature of the aluminum piston T p,o are lower. The surface temperature T r,L of the regenerator made of SiC, also has a large temperature variation.
The energy conversion, and surface heat transfer rates in the top and bottom gas zones are shown in Figs. 7͑a͒ to ͑c͒. The heat release rate Ṡ r,c is controlled only by fuel evaporation ͑due to the assumed perfect mixing͒. The heat transfer rate, Q u , due to the thermal regeneration, shown in Figs. 7͑b͒ and ͑c͒, enhances the fuel evaporation and leads to a superadiabatic combustion. Also the surface-radiation heat transfer Ϫ(Ṡ e,⑀ ϩṠ e,␣ ) t in the top chamber is comparable to the surface-convection heat transfer ͗Q ku ͘ D B , due to the high surface temperature as shown in Fig. 7͑b͒ .
Under the baseline conditions ͑including r c ϭ10͒ given in Table  1 , the predicted thermal efficiency of the regenerative engine is T ϭ53 percent, the volume efficiency is V ϭ92 percent, the indicated mean-effective pressure is p mep,in ϭ2.82 MPa, and the indicated specific fuel consumption is sfcϭ160 g/kW-hr.
Enhanced Evaporation.
Since the fuel is injected toward the regenerator, which is located near the fuel injection nozzle, droplet impingement onto the regenerator is likely. The impinging droplets experience film boiling once in contact with the high temperature ͑above the Leidenfrost temperature͒ regenerator pore surface and are quickly vaporized. In addition to the high gas temperature ͑due to the thermal regeneration͒, the fuel impingement on the high temperature pore surface drastically reduces the evaporation time. Optimal fuel injection aims to achieve rapid fuel vaporization and uniform vapor distribution ͑in the top gas zone͒ with the least thermal impact on the porous regenerator, for the maximum performance.
The spray divergence angle d is determined from the empirical correlation for a given nozzle geometry ͓5͔ and is given as Figure 8͑a͒ shows the penetration of the fuel spray into the top gas zone and the consequent impingement onto the moving regenerator. Figure 8͑b͒ shows the fuel evaporation rate and the trajectories of the fuel droplet parcels ͑1st, 20th, 40th, and 50th of the 50 droplet parcels͒, the regenerator, and the piston. Once the fuel droplet makes contact with the porous regenerator, the fuel evapo- ration rate Ṁ F,evp rapidly increases. The evaporation of the captured droplets helps to provide rapid fuel evaporation enabling intense premixed combustion, and increasing the peak pressure and the thermal efficiency. The air flow emanating from the regenerator deflects the droplets and helps to provide a uniform fuel-vapor distribution in the top gas zone. Using a plug flow model for this air flow, Fig. 8͑b͒ shows that the front of the plug flow reaches the cylinder head for most of the fuel injection period and, therefore, ideal perfect mixing in the top gas zone can be justifiably used.
Since the regenerator moves with a high acceleration during the thermal regeneration, excess thermal stress due to the variation of the solid temperature should be avoided. To reduce the thermal stress, surface vaporization cooling due to the impinging fuel droplets should be distributed over a larger portion of the regenerator area, thus minimizing the temperature variation along the Fig. 7 Variation of the energy conversions "a… and heat transfer rates "b… and "c…, during a cycle Fig. 8 "a… Penetration and surface impingement of fuel spray, and "b… the trajectories of the fuel droplets and the front location for plug gas flow in top gas zone Fig. 9 The fuel droplet particle density of the first, impinging fuel droplet parcel and last parcel, and the temperature distribution within the regenerator insert regenerator surface. Figure 9 shows that the filtration efficiency ␣ of the first and last impinging fuel droplet parcels captured within about 4 pores ͑Ͻ1 mm͒ for an 8 mm thickness regenerator. Also shown is that the temperature variation of the regenerator is rather small for the fuel impingement. Note that the temperature variation is affected by surface-convection, conduction, radiation, and fuel droplet evaporation.
Superadiabatic Combustion.
The superadiabatic flame temperature, due to thermal regeneration of the combustion heat, increases the thermal efficiency. Figure 10 shows that the peak gas temperature T f ,t in the top gas zone of the regenerative engine is higher than that of the conventional engine. The mixture gas temperature T f ,mix of the top and bottom gas zone is also higher than the gas temperature of the conventional engine, but only during the combustion period. The superadiabatic flame temperature during the fuel injection period enhances the fuel evaporation. The enhanced fuel evaporation assists the intense combustion resulting in an increase of the peak pressure and engine power. The higher gas temperature, due to the superadiabatic combustion, will be beneficial in reducing the soot formation ͑because oxidation of the soot trapped in pores is enhanced͒. However, the higher gas temperature increases the thermal NO x production. Lowering the peak flame temperature, by controlling the fuel injection timing, the thermal regeneration, and by using a fuel-lean mixture, would then become necessary to control NO x emissions.
Optimization of Thermal Regeneration.
The optimum motion schedule of the regenerator for a high thermal efficiency requires the maximum thermal regeneration and the minimum mechanical work loss due to the regenerator pressure drop. Figure 11 shows that for the maximum thermal efficiency, the optimum regenerative heating and cooling strokes begin at 345 deg and 420 deg for prescribed stroke durations of 35 deg and 95 deg and the conditions given in Table 1 , respectively ͑for the regenerative heating stroke, r,h,s ϳ r,h,e , and for the regenerative cooling stroke, r,c,s ϳ r,c,e ͒. The optimum regenerative heating stroke would create a high gas temperature and more fuel impingement on the regenerator, and thus enhances evaporation. A retarded regenerative heating stroke decreases thermal regeneration period during the fuel injection and therefore does not achieve a higher super-adiabatic temperature.
The optimum regenerative cooling stroke using the high exhaust temperature optimizes the work gain by the thermal regeneration and the work loss by the pressure drop. An advanced regenerative cooling stroke recovers the combustion heat at a higher temperature, thus increasing the regenerator temperature and the superadiabatic flame temperatures. The retarded regenerative cooling stroke results in a higher expansion pressure due to higher exhaust gas temperature, thus increasing the work loss due to the regenerator pressure drop. Figure 12 shows the effect of the compression ratio on the thermal efficiency. The maximum thermal efficiency of T ϭ53 percent is predicted at a compression ratio of r c ϭ10. The maximum compression ratio r c in the regenerative engine is limited to values below 14 due to the dead volume of the regenerator and the tolerance gaps. For maximum thermal efficiency, an optimum compression ratio of r c ϭ10 is obtained.
Conclusion
The enhanced fuel evaporation, by droplet-regenerator interaction and air preheating, results in a more uniform fuel-vapor distribution and a dominant premixed combustion regime. The increase in the superadiabatic flame temperature enhances the fuel evaporation and increases the peak pressure, which correspondingly increases the thermal efficiency. Here the fuel-injection timing and the motion of the regenerator are optimized for a higher thermal efficiency. For the optimum compression ratio of r c ϭ10, a thermal efficiency of T ϭ53 percent is predicted, compared to 43 percent of the conventional Diesel engine with a higher compression ratio. The performance comparison between the conventional ͑non-regenerative͒ and regenerative Diesel engines is listed in Table 3 .
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/s͒ or diameter ͑m͒ F ϭ fuel F iϪ j ϭ view factor k ϭ thermal conductivity ͑W/m-K͒ K ϭ permeability ͑m 2 ͒ l ϭ thickness ͑m͒ L ϭ length ͑m͒ M ϭ mass ͑kg͒ or molar weight ͑kg/kmole͒ n ϭ particle density per a parcel ͑1/m 3 ͒ N ϭ rpm ͑rot/min͒ or number of nodes or number of parcels NTU ϭ number of transfer units Nu D ϭ Nusselt number based on D p ϭ pressure ͑Pa͒ P ϭ combustion product species Pr ϭ Prandtl number q ϭ heat flux ͑W/m 2 ͒ Q ϭ heat flow rate ͑W͒ Q k ϭ conduction heat flow rate ͑W͒ Q ku ϭ surface-convection heat flow rate ͑W͒ Q u ϭ convection heat flow rate ͑W͒ Q r ϭ surface radiation heat flow rate ͑W͒ r ϭ radial axis ͑m͒ r c ϭ compression ratio R ϭ thermal resistance ͑K/W͒ R g ϭ universal gas constant 8.3145 J/mole-K Re D ϭ Reynolds number based on D S ϭ energy conversion rate ͑W͒ Sc ϭ Schmidt number Sto ϭ Stoke number t ϭ time ͑s͒ T ϭ temperature ͑K͒ u ϭ velocity ͑m/s͒ V ϭ volume ͑m 3 ͒ W ϭ work ͑J͒ x ϭ coordinate axes ͑m͒ or partial pressure
Greek
␣ ϭ absorption coefficient or filtration efficiency ⌬E a ϭ activation energy ͑J/mole-K͒ ⌬h lg ϭ heat of the phase change ͑J/kg͒ ⌬h r,F ϭ heat of reaction of fuel ͑J/kg-fuel͒ ⌬l ϭ nodal length ͑m͒ ⌬p ϭ pressure drop ͑Pa͒ ⑀ ϭ emissivity or radiation or porosity T ϭ thermal efficiency, see Equation ͑25͒ ϭ viscosity ͑Pa-s͒ ϭ density ͑kg/m 3 ͒ ϭ crank angle ͑degree͒ SB ϭ Stefan-Boltzmann constant ⌺ ϭ summation ⌽ ϭ stoichiometric ratio Subscripts a ϭ activation or air A ϭ surface or air ad ϭ adiabatic b ϭ bottom gas zone or bulk or blackbody B ϭ cylinder bore c ϭ combustion or compression or clearance or cooling cb ϭ cylinder block ch ϭ cylinder head d ϭ droplet or displacement or divergence D ϭ diameter or drag e ϭ exhaust or end or emission exh ϭ exhaust evp ϭ evaporation f ϭ fluid F ϭ fuel g ϭ gas phase i ϭ node index or porous insert or intake id ϭ ignition delay in ϭ indicated variable inj ϭ fuel injection ins ϭ porous insert int ϭ intake k ϭ conduction ku ϭ surface convection l ϭ liquid loss ϭ loss lg ϭ liquid-gas n ϭ ambient m ϭ mass diffusion or mass max ϭ maximum mep ϭ mean effective pressure o ϭ reference O ϭ oxidant species p ϭ pressure or piston or pore or plug flow P ϭ product species r ϭ radiation or reaction R ϭ reactant species s ϭ solid phase or start or particle stoichiometric sfc ϭ specific fuel consumption ͑g/kW-hr͒ sl ϭ solid-liquid Table 3 Comparison of results for conventional "nonregenerative… and regenerative Diesel engines
